Short interfering RNAs (siRNAs) directed against poliovirus and other viruses effectively inhibit viral replication. Although RNA interference (RNAi) may provide the basis for specific antiviral therapies, the limitations of RNAi antiviral strategies are ill defined. Here, we show that poliovirus readily escapes highly effective siRNAs through unique point mutations within the targeted regions. Competitive analysis of the escape mutants provides insights into the basis of siRNA recognition. The RNAi machinery can tolerate mismatches but is exquisitely sensitive to mutations within the central region and the 3 end of the target sequence. Indeed, specific mutations in the target sequence resulting in G:U mismatches are sufficient for the virus to escape siRNA inhibition. However, using a pool of siRNAs to simultaneously target multiple sites in the viral genome prevents the emergence of resistant viruses. Our study uncovers the elegant precision of target recognition by the RNAi machinery and provides the basis for the development of effective RNAi-based therapies that prevent viral escape.
RNA interference (RNAi) is a eukaryotic mechanism of gene inactivation which employs double-stranded RNA (dsRNA) to produce short interfering RNAs (siRNAs) of about 21 nucleotides in length (13) . A cytoplasmic RNA-induced silencing complex (RISC) binds the siRNAs and uses them as guides to direct the degradation of mRNAs containing sequences complementary to one of the strands of the siRNA (27) . The efficient and sequence-specific nature of RNAi has raised the possibility of using RNAi as an antiviral therapy. Indeed, introduction of siRNAs into cells in tissue culture and in animal models can inhibit replication of several human pathogenic viruses (4, 8, 11, 12, 18, 22, 23, 28, 29, 31, 34, 37) . A major problem of all antiviral therapies, however, is the emergence of resistant variants. Here, we investigate how siRNA-based antiviral strategies might be neutralized by the emergence of escape mutants. The finding that in some cases RNAi can tolerate several mismatches within the target sequence (1, 6, 7, 21, 36) suggested that RNAi might be robust enough to accommodate certain variability of the virus target RNA. But it is also possible that these mutations do not disrupt positions important for the interaction of the guide siRNA with the target RNA. Indeed, recent observations indicate that both poliovirus and human immunodeficiency virus type 1 variants resistant to RNAi can be selected carrying single point mutations in the center of the target sequence (5, 12) . The issue of target recognition by the RNAi machinery has been the subject of numerous studies. In both Drosophila melanogaster and mammalian extracts, mismatches within the central position (nucleotides 9 to 11) of the target RNA lead to inefficient silencing (10, 27) . In contrast, peripheral mismatches appear to have no detrimental effect. However, others have found that correct base pairing at the central position is not critical for silencing. Instead, mismatches within the 5Ј half of the antisense siRNA strand disrupted effective silencing, while mismatches at the central region (positions 9 and 10) and within the 3Ј half of the siRNA did not affect silencing efficiency (1, 7) . Studies of gene expression profiling in siRNAtreated cells have produced additional information with respect to target sequence recognition. While some studies have found little "off-target" silencing of nearly complementary targets (6, 36) , other studies reported that partial complementarity between the 5Ј half of the antisense siRNA strand with a number of endogenous mRNAs leads to effective nonspecific silencing (21) . Thus, the precise rules on target recognition are still controversial and poorly defined. To further examine the ability of viruses to escape RNAi inhibition, we recovered and sequenced polioviruses that escaped inhibition by two highly effective siRNAs directed against either capsid or the viral polymerase coding sequences. Analysis of these viral escape mutants shows that RNAi recognition is sensitive to subtle point mutations within the central region and the 3Ј end of the target RNA. Even single transition mutations resulting in G:U mismatches are sufficient to overcome viral inhibition from defined siRNAs. However, simultaneous targeting of multiple viral sequences with a pool of siRNAs overcame resistance mechanism to RNAi and prevented measurable viral escape.
MATERIALS AND METHODS

Cells and viruses.
HeLa S3 cells were cultured as previously described (12) . P19 mouse embryonic carcinoma was obtained from the University of California-San Francisco cell culture facility and maintained in minimal essential medium, alpha modification, supplemented with nucleosides (Invitrogen), 10% fetal bovine serum, 2 mM glutamine, 100 U of penicillin/ml, and 100 g of streptomycin/ml (University of California-San Francisco cell culture facility). We used the pRib(ϩ)XpA plasmid (17) to generate the wild-type Mahoney type 1 strain of poliovirus. All mutations were cloned back into a pRib(ϩ)XpA backbone. For viral production, 10 g of in vitro-transcribed viral RNA was electroporated into HeLa cells (17) , and cells were left overnight until complete lysis. The plasmid encoding the Leon type 3 poliovirus strain was a kind gift of D. J. Evans; the virus was produced similarly to type 1 Mahoney. The titers of the virus were determined according to standard procedures (9) . For competition assays, viruses were mixed in equal proportions unless indicated otherwise and propagated for two passages (a passage concluded with full lysis) on cells transfected with siRNAs. Transfections were carried out as previously described (12) . Plaque reduction assays were carried out as previously described (12) , but cells were allowed to grow for 1 day between siRNA removal and infection. P19 transfections were carried out by combining 0.5 g of pPVR plasmid with 0.3 l of dsRNA (1 g/l) or 0.3 l of 40 M siRNA and transfecting the mixture with 1 l of Lipofectamine 2000 per ϳ1 ϫ 10 5 cells in 1 well of a 24-well plate overnight in the presence of 10% serum.
Molecular biology. RNA oligonucleotides were bought from Dharmacon and were treated as before (12) . The sequence of control siRNA (siCtrl) strands is as follows: 5Ј-AAUACCAGAACACCAACUGGC-3Ј and 5Ј-CAGUUGGUGUU CUGGUAUUAC-3Ј. The siC region of the viral genome was amplified by isolating cytoplasmic RNA from HeLa cells at 6 h postinfection with the RNeasy kit (QIAGEN), reverse transcription with random hexamers and SuperScriptII enzyme (Invitrogen), and PCR with PfuTurbo (Strategene) and primers 5Ј-GC TAGACACCGTGTCTTGGA-3Ј and 5Ј-GGACTGTGTTGTCAATCATGCT-3Ј. PCR products were sequenced with the primer 5Ј-AGATGATAGTTTCAC CGAAGG-3Ј. For cloning of individual mutants, each PCR fragment was digested with NruI and NheI and swapped for the wild-type fragment in pRib(ϩ)XpA. The analogous procedure for isolation of the siP region used the primers 5Ј-GGTGAAATCCAGTGGATGAGA-3Ј and 5Ј-GCGAACGTGATC CTGAGTGTT-3Ј for amplification, 5Ј-AGGAAGCAATTACATCATCACC-3Ј for sequencing, and AvrII and XbaI enzyme sites for cloning the fragment into a shuttle vector. For producing point mutants in the siP region, the following primer pair was used in a QuickChange protocol (Stratagene): 5Ј-CAGCAGT GGGGTGCGATCCAGATTTGTTTTGGAGCAAAATTC-3Ј and its reverse complement, with corresponding mutations introduced in the primers. PCRs were run from a plasmid containing the BglII-EcoRI fragment of pRib(ϩ)XpA, and the mutant BglII-EcoRI fragments were moved back into pRib(ϩ)XpA.
Generation of the let-7(ϩ) virus was carried out by using 5Ј-TGAGGTAGT AGGTTGTATAGTTACAATTTCAACAGTTATTTCAATCAGAC-3Ј and 5Ј-CCTCAGTGCATCAGGCAACT-3Ј primers in one PCR and 5Ј-AACTATAC AACCTACTACCTCACTTAGAGTAAACACACTCAATGG-3Ј and 5Ј-AGA AGCCCAGTACCACCTCG-3Ј primers in a parallel PCR, both of which were consequently purified, mixed, and extended again for 15 cycles with Pfu polymerase. The product was digested with BlpI and AatII and cloned into the poliovirus infectious cDNA plasmid, thus introducing the sequence identical to let-7a (UGAGGUAGUAGGUUGUAUAGUU) (12) or its complementary sequence.
The 1-kb-long regions of Mahoney and firefly luciferase were amplified with primer pairs 5Ј-ATGATGGAATTGGCAGAAATC-3Ј and 5Ј-TAAGGCATGC CCATTGTTAGT-3Ј and 5Ј-AGAACTGCCTGCGTGAGATT-3Ј and 5Ј-TTTC TTGCGTCGAGTTTTCC-3Ј; one of the primers in each reaction mixture contained a T7 transcription start site. Each strand was then transcribed with T7 RNA polymerase (NEB), and the RNA was annealed and treated for 2 h at 37°C with RNase III (a gift of Dun Yang and J. M. Bishop), followed by purification on QIAGENЈs PN columns and ethanol precipitation of the flow through fraction. 2437), resulted in effective inhibition of viral replication. However, 30 to 40 h postinfection, resistant viruses emerged containing silent mutations within the siRNA-target sequence (Fig. 1A) . The predominant mutation was a U-to-C transition at position 11 of the target region, but a second mutation, U to C at position 8, was also observed. By passage 3, the U-to-C mutation at nucleotide 11, but not that at position 8, prevailed in the viral population (Fig. 1A) . Introduction of two of these mutations, cU8C and cU11C, into the poliovirus genome (Fig.  1B ) confirmed that they were sufficient for the resistance phenotype. The most centrally located mutation cU11C conferred nearly full resistance, while a mutation at the 5Ј side, cU8C, yielded partial resistance (Fig. 1C) . In contrast, another mutation observed at the extreme 3Ј side, cC20U, had little effect. Of note, these mutants remained fully susceptible to siRNA inhibition by siP, which targets a different region of the viral RNA. Thus, these mutations are specific for escape from siC and do not cause a general resistance to interference. We conclude that one single transition mutation within the siRNA complementary region of the target RNA is sufficient to dra- To examine the relative strength of each escape mutation, we developed a competition assay in which a 1:1 mixture of escape mutants was used to infect siRNA-treated HeLa cells. After two passages in either the presence or absence of selective pressure, the resulting viral population was harvested and examined by sequencing. In siC-treated cells, cU11C became the predominant virus in the population, while in the presence of siCtrl, the initial 1:1 proportion of mutant viruses remained unchanged (Fig. 1D) . Thus, the central mutation was more effective in blocking the inhibitory effect of siC. This data confirms previous studies highlighting the importance of the need for perfect base pairing at the central positions of the siRNA-target duplex (10, 14) . Interestingly, the subtle difference in virus yield observed between cU8C and cU11C in single-virus cultures in the presence of siC (Fig. 1C ) resulted in a dramatic advantage for cU11C in our competition assay (Fig. 1D) . Thus, this sensitive assay can be employed to analyze subtle differences in the strength of different escape mutants. Analysis of viruses resistant to an siRNA directed against the viral polymerase coding region. Analysis of escape mutants from another antiviral siRNA, siP (targeting nucleotides 6625 to 6645), provided insights regarding the rules that govern recognition of the target RNA by RISC. Three independent viral populations were sequenced after one passage in the presence of siP. Two major changes were observed within the target sequence at positions 12 and 18 ( Fig. 2A) . Unlike what was observed for siC, additional passages under siP selection did not result in one single mutant taking over the population. Instead, analysis of cDNA clones derived from resistant virus populations during six independent experiments revealed that even after 10 passages, a majority of the siP-resistant variants contained two mutations within the target region (Fig. 2B) . We reasoned that several mutations in the target sequence were equally, but not entirely, effective in providing resistance to siP.
RESULTS
Isolation
Indeed, we did not isolate any single predominant mutation. The most frequent mutations occurred at position 6, at position 12 in the central region, and within a hot spot at the 3Ј end of the target sequence (nucleotides 16 to 19) (Fig. 2C) . Interestingly, we did not recover mutations at the extreme 5Ј and 3Ј ends (the first five and the last two nucleotides) of the target RNA, suggesting that these nucleotides are not critically involved in the interaction with siRNA. To evaluate the relative contribution of individual positions, we introduced single mutations in the siP target sequence of the wild-type poliovirus genome. We examined nine individual mutants carrying either single or double mutations within the target region (Fig. 3A) . At position 12, three mutations were constructed, representing all three silent permutations of the central position. Other mutants carried nucleotide changes observed within the 5Ј or 3Ј half of the target region. In the absence of siP, none of the viruses carrying these point mutations displayed any replication defects and replicated in a manner similar to that of the wild type. Surprisingly, data based on our virus yield assay showed that mutations at positions 6 and 9, even though they were frequently isolated from the viral populations, did not provide significant resistance on their own to siP. In contrast, the central mutation (pA12G) and two mutations at the extreme 3Ј end of the target sequence (pG18A and pU19A) were highly effective at neutralizing the inhibitory effect of siP. Interestingly, we find that mutations at the same position, such as pA12C and pA12U, are less robust than others (e.g., pA12G), indicating that the exact nature of the mismatch is also important in recognition.
let-7 microRNA effectively targets poliovirus genomic RNA. Poliovirus is a positive-stranded RNA virus that replicates through a negative-stranded intermediate. In principle, it is possible that either strand of the siRNAs can be incorporated into RISC. The rules governing the incorporation of siRNA strands into RISC are not fully defined (2), and thus either viral RNA strand can potentially be targeted by siC and siP. To understand the precise molecular consequences of the mutations leading to RNAi escape, it is important to determine which strand of the viral RNA the RNAi machinery targets. Previously, Ge et al. (11) examined this question in the context of infection by influenza virus, a negative-stranded virus. Because mutations in the antisense siRNA strand led to reduction of the RNAi effect while mutations in the sense siRNA strand did not, these authors concluded that only the viral mRNA, but not the genomic RNA, is targeted by siRNAs. A potential problem with this interpretation is that the mutations introduced in the siRNA may alter the efficiency of its incorporation into the RISC (24, 35). To circumvent this potential problem, we employed a different strategy using the particular property of microRNAs in which only one strand of the dsRNA precursor is selectively incorporated into RISC (19) . Thus, by inserting either the identical or complementary microRNA sequence into the viral genome and assaying the viability of the virus in cells that express the microRNA, the susceptibility of the two strands to siRNA can be selectively evaluated. To this end, we cloned let-7 RNA [let-7(ϩ)] or its complementary sequence [let-7(minus)] into the 5Ј noncoding region of the viral genomic RNA (Fig. 4A) . Following transfection into HeLa cells (which express high levels of let-7) (19, 26, 32) , let-7(ϩ) virus replicated with wild-type kinetics, while let-7(Ϫ) virus replication was impaired (Fig. 4B) . Furthermore, viruses obtained from let-7(Ϫ) RNA transfections contained several mutations within the target sequence, while the target sequence of let-7(ϩ) viruses was unchanged (Fig. 4C) . Notably, all the mutations observed in let-7(Ϫ) virus populations were A-to-G transitions, which should result in G:U mismatches between let-7(ϩ) RNA and let-7 microRNA, suggesting that these transition mutations allow for escape from let-7 RNA recognition. The most frequent position mutated was nucleotide 10 (Fig.  4C) . We thus conclude that only the positive strand of the poliovirus RNA is targeted by siRNAs. In addition, this experiment also demonstrates that let-7 can act as an siRNA, directing cleavage of a perfectly complementary viral target RNA, as previously reported for nonviral systems (20) .
Mapping the critical regions within the siRNA target. Our competition assay provides a sensitive method for detecting subtle differences in the fitness of each variant carrying individual mutations. In the absence of siP, none of the mutants were outcompeted by wild-type poliovirus, indicating that these mutations do not affect viral replication. However, all the mutations, even pC6U and pU9C, which did not display a strong resistance phenotype in the virus yield assay (Fig. 3B) , conferred some degree of resistance to RNAi and effectively outcompeted the wild type in siP-treated cells (data not shown). Furthermore, comparison of the respective competition trials for poliovirus resistant to either siC or siP provided a hierarchy of escape mutant strength and highlighted the importance of the different regions within the target RNA for effective siRNA recognition. In our competition assays, different results were obtained depending on the siRNA examined. For siC, the central position (cU11C) dominated over the rest of the region (Fig. 5B) , while for siP, mutation both at the central position and at the extreme 3Ј target region (pG18A and pU19A) could disrupt recognition (Fig. 5C) . One possibility to explain these dissimilar results is that RISC may recognize the target in more than one manner. Perhaps, the local stability within the siRNA-target RNA duplex determines the weight of different mutations. Of note, the 3Ј end of the siP target region is U rich; this local nucleotide characteristic may facilitate the unwinding of the siRNA-target RNA duplex. It is also possible that the degree of amino acid sequence conservation in each region may restrict the type of possible codon changes selected in escape mutants.
Targeting conserved sequences within the viral genome. Our finding that single mutations in the viral genome consistently led to escape from siRNA inhibition uncovered a major weakness of RNAi as an antivirus therapy. One possible strategy to prevent the emergence of escape mutants is to target func- tional RNA sequences that, when mutated, lead to replicationdeficient viruses. Strikingly, siRNAs targeting two sites in the highly conserved 5Ј noncoding region of the poliovirus genome (site 1, nucleotides 445 to 465; site 2, nucleotides 536 to 556) failed to inhibit virus replication (data not shown). These regions may be inaccessible to RISC due to tertiary structure or because proteins interact with these RNA motifs, occluding the target sequences. However, it was recently reported that the highly structured 5Ј noncoding region of the hepatitis C virus genome can be targeted by siRNA (39) . Thus, it is also possible that the high G:C content of our siRNAs targeting the poliovirus IRES may have precluded their efficient incorporation into RISC, reducing their antiviral activity. Simultaneous targeting with multiple siRNAs. An alterative solution for preventing escape might be to simultaneously target multiple sequences in the viral genome. The ability of a mixed population of siRNAs to inhibit viral replication without allowing the generation of escape mutants was initially tested by transfecting P19 mouse embryonic carcinoma cells with a plasmid expressing the poliovirus receptor together with a 1-kb-long dsRNA corresponding to the poliovirus type 1 capsid region (dsC). P19 cells have the ability to initiate RNAi by converting long dsRNA into siRNAs without triggering an interferon response (3). The poliovirus titer was reduced more than 1,000 fold after treatment with dsC dsRNA (Fig. 6A) , while control dsRNA (dsL, corresponding to 1,000 nucleotides of the luciferase gene) had no effect on viral production. This inhibition was sequence specific, as poliovirus type 3, which shares only 54% nucleotide identity with type 1 in the targeted capsid region, was not inhibited by dsC. Importantly, due to Fig. 1D . Three siC mutants (B) and five siP mutants (C) were competed against each other. An increase in the proportion of a mutation in a given competition assay, defined as a winning trial, was scored as 1, a decrease was scored as 0, and no change in proportions was scored as 0.5. Each table (B and C) shows the scored mutants on the left, followed by their scores against each competing mutant (top). The fraction of winning trials (Fraction) was then calculated as the number of winning trials divided by the total number of trials. This allowed us to determine the relative escape efficiency of each mutation along the targeted region in the graphs shown on the right of panels B and C. the emergence of escape mutants, siP only inhibited viral replication at early times postinfection (Ͻ10 h), while dsC inhibited poliovirus replication for the entire duration of the experiment (60 h), which represents at least six replication cycles (Fig. 6A) . Because long dsRNA elicits a nonspecific antiviral response in a majority of eukaryotic cells, we examined whether targeting viral sequences with multiple siRNAs would prevent the emergence of escape mutants. The efficiency of RNAi was examined in viral populations obtained during serial passages in the presence of individual siRNAs or a mixture of enzymatically produced siRNAs (esiRNAs) (38) . We generated esiRNAs by bacterial RNase III digestion of a 1-kb-long poliovirus capsid dsRNA dsC (esiC) or luciferase dsL (esiL) control. Transfection of esiC protected HeLa cells against type 1 poliovirus but not against type 3. In contrast, cells treated with esiL control remained susceptible to both viral strains. Most importantly, we observed no reduction of the antiviral effect with each subsequent passage, indicating that the virus remains susceptible to RNAi even after several consecutive treatments (Fig. 6B) . This was directly confirmed by sequencing the 1-kb targeted region from viruses obtained after the third passage under esiC or esiL. We observed only one mutation out of six independent clones derived from esiC-treated viruses and no mutations in three clones of esiL-treated viruses (data not shown). We conclude that treatment with esiRNAs provides an efficient approach to inhibit virus replication and, strikingly, does not allow for selection of escape mutants over the limited number of generations in our experiment (approximately six to eight rounds of replication).
DISCUSSION
The rules of siRNA-target recognition have been examined employing diverse siRNAs with nucleotide substitutions (1, 7, 10, 14, 33) . Here, we present a novel approach to study RNAi specificity that exploits the ability of viruses to rapidly generate a spectrum of resistant mutants. Importantly, by analyzing a single siRNA per target region, our analysis is not biased by the specificity of the siRNA processing machinery (i.e., association with RISC and unwinding) (24, 35) . While observing coding sequence does have its drawbacks, our results provide insight into the rules of target recognition by siRNAs. We find that some positions, notably the center of the siRNA, are critical for recognition ( Fig. 1 to 3 ). Mutations at either side of the central position are also effective at blocking siRNA inhibition. In addition, the 3Ј end of the target sequence plays an important role in the target selection by siP (pG18A and pU19A). Strikingly, our study also demonstrates that the RNAi machinery is exquisitely sensitive to the nature of the mismatches. For example, pA12G, which produces a G:U mismatch, abolishes RNAi targeting much more efficiently than pA12C or pA12U (Fig. 3B) , which results in less stable C:U or U:U base pairing (25) . Thus, it appears that the RNAi machinery does not rely solely on the thermodynamic characteristics of the duplex to select cognate target RNAs. Instead, RISC seems to discriminate based on the architectural and structural properties of the siRNA-target RNA duplex. Notably, mutations that do not confer effective resistance to siRNA by themselves (e.g., pC6U and pU9C) were repeatedly isolated in double-mutant clones (compare Fig. 2 and 3 ). This observation suggests that RISC can detect mismatches in a cooperative manner. This may contribute to the overall specificity of the RNAi targeting process.
The spectrum of mutants studied here is limited by the nucleotide misincorporation frequency at each given position and by the viability of the resulting virus. This constrains the mutations largely, although not exclusively to the wobble positions in the codons and does not allow interrogating each position of the target sequence. However, we find that some locations within the noncoding regions can be effectively targeted by RISC (Fig. 4) . Thus, the analysis of escape mutants resistant to siRNAs that target sequences in the noncoding regions should help to understand basic rules that govern siRNA-target recognition.
Our analysis has important implications for the use of RNAi as an antiviral therapy. We find that a single substitution within the viral RNA is sufficient to render siRNAs ineffective within only a few replication cycles, even at highly conserved target regions. The very high viral mutation rates, coupled with the enormous genome heterogeneity in viral quasispecies, make it unlikely that defined, single siRNAs can be effective against viral pathogens. However, the plant RNAi machinery is very effective in combating viruses using the entire length of viral genomes a source of siRNAs. This should result in a complex mixture of siRNAs, which cannot be evaded through a limited number of mutations in the viral genome. Indeed, a 1-kb dsRNA is potentially capable of forming up to 980 different siRNAs, which should prevent the emergence of resistant viruses. Initial evidence in plant virus systems suggested that viral evasion is restricted by expression of long dsRNA in transgenic crops (15) . We have now directly examined this issue in a human virus. We found that transfection of long dsRNA prevents the emergence of viral escape mutants. Thus, the use of long dsRNA may constitute an effective therapy against human and other mammalian viruses. Unlike plants and invertebrates, mammals seem to have multiple pathways of reacting to long dsRNA, some of which may lead to a general translation shutoff (30) and possibly unwanted side effects (16) . Therefore, we also examined an alternative approach to elicit silencing using dsRNA enzymatically processed into siRNAs. This method also proved effective at preventing the emergence of escape mutants, as confirmed by viral titers and genome sequencing (Fig. 6 and data not shown).
In summary, we demonstrate here that generation of escape mutants can be prevented by targeting long portions of the virus genome with dsRNA, which is an RNAi equivalent to multidrug therapy with hundreds of targets. Since the approach described here is a straightforward sequence of enzymatic reactions (reverse transcription-PCR [RT-PCR], transcription annealing, and perhaps RNase III digestion), it is extremely versatile due to its speed, low cost, and uniformity in use against different viruses. In fact, it may be useful even when the exact sequence of the viral genome is not known in advance, so long as PCR primers used for its amplification are specific. In this way, we suggest that the viral capacity to escape RNAi-based therapies can be restricted.
